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MAGNETIC POSITION DETERMINATION
SYSTEMS AND METHODS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Application No. 62/779,323, filed on Dec. 13, 2018,

and entitled “MAGNETIC POSITION DETERMINATION
SYSTEMS AND METHODS,” the entire contents of which

1s mcorporated by reference herein.

FIELD OF THE DISCLOSURE

The present application relates to magnetic systems and
corresponding methods for determining a position of a
movable object.

BACKGROUND

Some object position tracking systems use a magnet and
a single magnetic sensor. The magnet 1s placed on a movable
object. Moving the object changes the magnetic field sensed
by the single magnetic field sensor. A determination of the
object’s position 1s made based on the sensed magnetic field.

SUMMARY OF THE DISCLOSURE

Systems and methods are provided for determining a
position ol a magnet. The systems and methods utilize a first
sensor located at a first sensor position and arranged to
measure at least two components of a magnetic field pro-
duced by the magnet, a second sensor located at a second
sensor position and arranged to measure at least two com-
ponents of the magnetic field produced by the magnet, and
processing circuitry operatively connected to the first and
second sensors to receive signals derived from signals
outputted by the first and second sensors. A field angle 1s
calculated from a first differential field of a first field
dimension and a second differential field of a second field
dimension orthogonal to the first field dimension. The first
and second differential fields are calculated based on signals
outputted by the first and second sensors.

In an embodiment, an object position determination sys-
tem may include a movable object, a magnet configured to
produce a magnetic field, and a plurality of magnetic field
sensors configured to detect components of the magnetic
field produced by the magnet 1n first and second directions
at first and second locations. The magnet or the plurality of
magnetic field sensors may be coupled to the movable
object. The first direction may be orthogonal to the second
direction. The plurality of magnetic field sensors may
include: at the first location, a first sensor configured to
detect a component of the magnetic field in the first direction
and a second sensor configured to detect a component of the
magnetic field in the second direction, and, at the second
location, a third sensor configured to detect a component of
the magnetic field 1n the first direction and a fourth sensor
configured to detect a component of the magnetic field 1n the
second direction.

In another embodiment, a system for determining a posi-
tion ol a magnet may include a first sensor located at a first
sensor position and arranged to measure at least two com-
ponents of a magnetic field produced by the magnet, a
second sensor located at a second sensor position and
arranged to measure at least two components of the mag-
netic field produced by the magnet, and processing circuitry
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2

operatively connected to the first and second sensors to
receive signals derived from signals outputted by the first

and second sensors. The processing circuitry may calculate
a field angle from a first diflerential field 1n a first field
dimension and a second differential field in a second field
dimension orthogonal to the first field dimension, and may
output a signal indicating a position of the magnet based on
the calculated field angle. The first and second differential
ficlds may be obtained based on the signals outputted by the
first and second sensors.

In a further embodiment, a method for determining a
position of a magnet may include providing a sensor system
that may 1nclude first and second sensors arranged to mea-
sure at least two components of the magnet’s magnetic field
at first and second sensor positions, respectively; and using
a microprocessor operatively connected to the first and
second sensors to: receive signals derived from signals
outputted by the first and second sensors, calculate a field
angle from a first differential field 1n a first field dimension
and a second differential field 1n a second field dimension
orthogonal to the first dimension, and output a position of
the magnet based on the field angle calculated trom the first
and second differential fields. The first and second difleren-
tial fields may be obtained based on the received signals.

BRIEF DESCRIPTION OF DRAWINGS

Various aspects of the technology and embodiments of the
application will be described with reference to the following
figures. It should be appreciated that the figures are not
necessarlly drawn to scale. Items appearing 1 multiple
figures are indicated by the same reference numeral 1n all the
figures in which they appear.

FIG. 1 schematically shows an environment of an
embodiment of the present technology.

FIG. 2A schematically shows circuitry of a sensor accord-
ing to an embodiment of the present technology.

FIG. 2B schematically shows an arrangement of pairs of
sensor elements according to an embodiment of the present
technology.

FIG. 3A schematically shows an arrangement for mea-
suring a magnet’s magnetic field according to an embodi-
ment of the present technology, and FIG. 3B shows mea-
surement data from an arrangement of the type shown 1n
FIG. 3A.

FIG. 4A schematically shows the arrangement of FIG. 3A
in the presence of a stray field, and FIG. 4B shows mea-

surement data from an arrangement of the type shown 1n
FIG. 4A.

FIG. 5 shows data obtained from differential field calcu-
lations of measurement data from an arrangement of the type
shown 1n FIG. 4A.

FIG. 6 shows field angle data (right side) obtained from
differential field data (left side).

FIG. 7 shows a photograph of an object position detection
system of the type shown 1n FIG. 4A.

FIG. 8 A schematically shows circuitry connecting sensor
clements to a microprocessor according to an embodiment
of the present technology, and FIG. 8B shows circuitry
connecting sensor elements to a microprocessor according to
another embodiment of the present technology.

FIG. 9A shows differential field data, and FIG. 9B shows
field angle data obtained from the differential field data of
FIG. 9A.

FIG. 10A shows differential field data, and FIG. 10B
shows field angle data obtained from the differential field
data of FIG. 10A.
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FIG. 11A shows diflerential field data, and FIG. 11B
shows field angle data obtained from the differential field
data of FIG. 11A.

DETAILED DESCRIPTION

In a device where there 1s a movable part or object, 1t may
be desirable to be able determine whether the object 1s
moving properly and predictably along a known path. This
determination can be useful to diagnose a potential maliunc-
tion of the device, among other possible uses. However, 1t
can be diflicult if not impossible to view the object while 1t
moves, because the object may be hidden from view and/or
may be too small to be visualized easily.

For example, for machinery such as brakes of an auto-
mobile, 1t may be desirable to be able to determine whether
components of the brakes are moving properly and predict-
ably. However, visualizing small brake components 1n

motion can be ditlicult 11 not impossible. In another example,
for a syringe used to inject a fluid to an internal region of an
amimal, 1t may be desirable to be able to determine whether
a plunger used for injection of the fluid has traveled 1ts full
path so that all of the fluid 1s 1njected. However, 1t can be
difficult 11 not impossible to view the plunger to know the
plunger’s position during injection.

Magnets can be used to track an object’s location or
position. A useful feature of magnets 1s that they can provide
homing signals without requiring a power source and also
without requiring transmission wires or even a transmitter.
More specifically, a magnet can provide a homing signal 1n
the form of a magnetic field. The magnetic field has direc-
tional characteristics resulting from the presence of north
and south poles of the magnet. The magnetic field also has
an 1ntensity or strength that varies as a function of distance
from the magnet’s center. That 1s, the strength of a magnet’s
magnetic field decreases as the distance from the magnet’s
center 1ncreases.

The properties of a magnet’s magnetic field may be
exploited to determine a location or position of the magnet.
These properties may also be exploited to track a position of
a movable object. By attaching a magnet to the object and
measuring the magnetic field of the magnet, the object’s
position can be determined even 11 the object cannot be seen.

To be usetul for tracking a small movable object, a magnet
should be, 1n at least some embodiments, sized so that 1t
would not impede or alter the small object’s normal move-
ment. One consideration 1n using a small magnet 1s that its
magnetic field would be small and hard to discern from
environmental magnetic fields, commonly referred to as
stray fields. For example, stray fields produced by common
clectrical equipment (e.g., lights, phones, computers, tele-
visions) can have a magnitude similar to a magnitude of the
magnetic field of the small magnet, and therefore can mask
the small magnet’s magnetic field.

Some aspects of the present technology provide systems
and methods that enable a small magnetic field, such as that
produced by a small-sized magnet, to be sensed and mea-
sured precisely and reproducibly even in the presence of a
stray field, thus enabling a position or location of the magnet
to be determined precisely and reproducibly. The magnetic
system may thus be used to determine the position of an
object, such as a movable object to which the magnet may
be attached.

Embodiment 1

According to an embodiment of the present technology,
an object position determination system may be comprised
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of a movable object, a magnet configured to produce a
magnetic field, and a plurality of magnetic field sensors

configured to detect the magnetic field produced by the
magnet along first and second directions at first and second
locations. The magnet or the plurality of magnetic field
sensors may be coupled to the movable object. The first and
second directions may be orthogonal to each other (e.g., x
and z; or X and v; or vy and z). The plurality of magnetic field
sensors may include: at the first location, a first sensor that
detects the magnetic field along the first direction and a
second sensor that detects the magnetic field along the
second direction; and, at the second location, a third sensor
that detects the magnetic field along the first direction and a
fourth sensor that detects the magnetic field along the second
direction.

In an aspect of the embodiment, the magnet may be
coupled to the movable object, and the plurality of magnetic
field sensors may be fixed 1n place.

In an aspect of the embodiment, some or all of the
plurality of magnetic field sensors may be magnetoresistive
sensors. For example, the first and second sensors may be
magnetoresistive sensors, or the first and third sensors may
be magnetoresistive sensors.

In an aspect of the embodiment, the system may be further
comprised of processing circuitry coupled to the plurality of
magnetic field sensors. The processing circuitry may be
configured to determine diflerential magnetic field values 1n
the first and second directions based on output signals from
the plurality of magnetic field sensors.

In an aspect of the embodiment, the first sensor, the
second sensor, the third sensor, and the fourth sensor may be
co-linear along an axis extending in the first direction or the
second direction.

In an aspect of the embodiment, at the first location, the
first sensor and the second sensor may be co-linear along a
first axis extending in a third direction orthogonal to the first
direction and orthogonal to the second direction, and, at the
second location, the third sensor and the fourth sensor may
be co-linear along a second axis parallel to the first axis.

Embodiment 2

According to an embodiment of the present technology, a
system for determiming a position of a magnet may be
comprised of first and second sensor systems and a micro-
processor. The {irst sensor system may be located at a first
position and may be arranged to measure at least two
components of a magnetic field produced by a magnet. The
second sensor system may be located at a second position
different from the first position, and may be arranged to
measure at least two components of the magnetic field
produced by the magnet. That 1s, the first sensor system may
measure two components of the magnetic field at the first
position, and the second sensor system may measure two
components of the magnetic field at the second position
different from the first sensor position.

The microprocessor may be operatively connected to the
first and second sensor systems to receive signals derived
from signals outputted by the first and second sensor sys-
tems. The microprocessor may be programmed to calculate
a field angle from a first differential field 1n a first dimension
and a second differential field in a second dimension
orthogonal to the first dimension, and to output a position of
the magnet based on the field angle calculated from the first
and second diflerential fields. The first and second difleren-
tial fields may be obtained based on the signals outputted by
the first and second sensor systems.
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In an aspect of the embodiment, each of the first and
second sensor systems may include a first sensing element
arranged to sense a component of the magnetic field 1n the
first dimension, and a second sensing element arranged to
sense a component of the magnetic field in the second
dimension. The microprocessor may be programmed to
perform a differential-field routine to:

receive a first signal derived from an output of the first

sensing element of the first sensor system, the first
signal indicating a value of the magnetic field in the
first dimension at the first position;

receive a second signal dertved from an output of the first

sensing element of the second sensor system, the sec-
ond signal indicating a value of the magnetic field 1n the
first dimension at the second position,

receive a third signal derived from an output of the second

sensing element of the first sensor system, the third
signal indicating a value of the magnetic field in the
second dimension at the first position; and

receive a fourth signal derived from an output of the

second sensing element of the second sensor system,
the fourth signal indicating a value of the magnetic field
in the second dimension at the second position.

In an aspect of the embodiment, the microprocessor may
be programmed to perform the differential-field routine to:

calculate the first differential field of the first dimension

by calculating a difference between the first signal and
the second signal;

calculate the second diflerential field of the second dimen-

sion by calculating a diflerence between the third signal
and the fourth signal; and

calculate the field angle by calculating an arctan of the

first differential field and the second differential field.

In an aspect of the embodiment, each of the first and
second sensor systems may be comprised of a magnetore-
sistive sensor system, or a Hall-eflect sensor system, or a
fluxgate sensor system. For example, the magnetoresistive
sensor system may be comprised of at least one anisotropic
magnetoresistive (AMR) sensor, or at least one giant mag-
netoresistive (GMR) sensor, or at least one tunnel magne-
toresistive (MR ) sensor, or a combination of these sensors.

In various aspects of the embodiment, the position of the
magnet may be along a predetermined travel path of the
magnet. For example, the predetermined travel path of the
magnet may be a linear travel path or a non-linear travel
path, or may be a path that has one or more linear portions
and one or more non-linear portions.

In an aspect of the embodiment, the first sensor system
and the second sensor system may be coplanar. For example,
the first and second sensing elements of the first sensing
system and the first and second sensing elements of the
second sensing system may be disposed on a common plane.
The first and second sensing elements of the first sensor
system may be located on a single die at the first location,
or may be located on separate dies at the first location.
Similarly, the first and second sensing elements of the
second sensor system may be located on a single die at the
second location, or may be located on separate dies at the
second location.

In an aspect of the embodiment, the first and second
sensing elements of the first sensor system may have a
stacked arrangement, and the first and second sensing ele-
ments of the second sensor system may have a stacked
arrangement, such that the two stacked arrangements may be
disposed on a common plane. For example, the first sensing
clement of the first sensor system and the first sensing
clement of the second sensor system may be coplanar on a
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first plane, and the second sensing element of the first sensor
system and the second sensing element of the second sensor

system may be coplanar on a second plane. For each of the
stacked arrangements, the first and second sensing elements
may be stacked adjacent each other or may be stacked such
that a printed circuit board or other structure 1s mnterposed.

In an aspect of the embodiment, the first and second
sensor systems may be coplanar with the predetermined
travel path of the magnet.

In an aspect of the embodiment, the predetermined travel
path of the magnet may be aligned with a north-to-south
direction of poles of the magnet.

In an aspect of the embodiment, the predetermined travel
path of the magnet may be coplanar with a north-to-south
direction of poles of the magnet.

In an aspect of the embodiment, the predetermined travel
path of the magnet may be arranged not to be aligned
orthogonal to a north-to-south direction of poles of the
magneit.

In an aspect of the embodiment, at least one of the first
and second sensor systems has a Wheatstone bridge con-
figuration.

In an aspect of the embodiment, the magnet 1s attached to
a movable structure, and the first and second sensor systems
are at fixed positions.

In various aspects of the embodiment, the magnetic field
measured by the first and second sensor systems may be:

in a range of about —10 A/m to about +10 A/m; or

in a range of about —100 A/m to about +100 A/m; or

in a range of about —1 kA/m to about +1 kA/m; or

in a range of about —10 kA/m to about +10 kA/m.

Embodiment 3

According to an embodiment of the present technology, a
system for determining a position of a magnet 1s comprised
of first and second sensors and a microprocessor. The {first
sensor may be located at a first position and may be arranged
to measure a magnetic field produced by a magnet at the first
position. The second sensor may be located at a second
position and may be arranged to measure the magnetic field
produced by the magnet at the second position, which 1s
different from the first position. The microprocessor may be
operatively connected to the first and second sensors to
receive signals derived from signals outputted by the first
and second sensors. Each of the first and second sensors may
be comprised of: a first sensing element arranged to sense a
component of the magnetic field 1n a first direction, and a
second sensing element arranged to sense a component of
the magnetic field 1 a second direction orthogonal to the
first direction

The microprocessor may be programmed to perform a
differential-field routine to:

recetve a lirst signal derived from a signal outputted by

the first sensor, n which the first signal may indicate a
value of the magnetic field in the first direction at the
first position,

receive a second signal derived from a signal outputted by

the second sensor, in which the second signal may
indicate a value of the magnetic field in the first
direction at the second position,

recerve a third signal derived from a signal outputted by

the first sensor, 1n which the third signal may indicate
a value of the magnetic field 1n the second direction at
the first position,

recerve a fourth signal derived from a signal outputted by

the second sensor, 1n which the fourth signal may
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indicate a value of the magnetic field in the second
direction at the second position,

determine a first-direction differential by calculating a

difference between the first signal and the second
signal,

determine a second-direction differential by calculating a

difference between the third signal and the fourth
signal,

correlate the first-direction differential and the second-

direction differential to a single value representing the
position of the magnet, and

output a signal indicating the position of the magnet.

In an aspect of the embodiment, the differential-field
routine may be performed by the microprocessor to correlate
the first-direction differential and the second-direction dif-
terential to the single value representing the position of the
magnet by determining a quotient of the first-direction
differential and the second-direction diflerential, and deter-
mimng an arctan value of the quotient.

Embodiment 4

According to an embodiment of the present technology, a
method for determining a position of a magnet may be
comprised ol obtaining:

a first signal dernived from a signal outputted by a first

sensor, 1n which the first signal may indicate a value of
a magnetic field in the first direction at a first sensor
position,

a second signal derived from a signal outputted by a
second sensor, in which the second signal may indicate
a value of the magnetic field 1n the first direction at a
second sensor position,

a third signal derived from a signal outputted by the first
sensor, in which the third signal may indicate a value of
the magnetic field 1n the second direction at the first
sensor position, and

a fourth signal dernived from a signal outputted by the
second sensor, 1n which the fourth signal may indicate
a value of the magnetic field 1n the second direction at
the second sensor position.

The method may further be comprised of: determmmg
first-direction differential by calculating a diflerence
between the first signal and the second signal; determmmg
a second-direction differential by calculating a diflerence
between the third signal and the fourth signal; and correlat-
ing the first-direction differential and the second-direction
differential to a single value representing a position of a
magnet that produced the magnetic field.

In an aspect of the embodiment, the correlating may
include determining a quotient of the first-direction difler-
ential and the second-direction differential, and determining
an arctan value of the quotient.

Embodiment 5

According to an embodiment of the present technology, a
method for determining a position of a magnet may be
comprised of providing a sensor system that may include a
first sensor arranged to measure a magnetic field produced
by a magnet at a {irst position, and a second sensor arranged
to measure the magnetic field produced by the magnet at a
second position different from the first sensor position. The
method may be further comprised of using a microprocessor
operatively connected to the first and second sensors to:

receive signals derived from signals outputted by the first

and second sensors,
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calculate a field angle from a first differential field in a
first dimension and a second differential field 1n a
second dimension orthogonal to the first dimension, the
first and second differential fields being obtained based
on the received signals, and

output a position of the magnet based on the field angle
calculated from the first and second differential fields.

In an aspect of the embodiment, the received signals may

include:

a first signal indicating a value of the magnetic field in the
first dimension at the first sensor position,

a second si1gnal indicating a value of the magnetic field 1n
the first dimension at the second sensor position,

a third signal indicating a value of the magnetic field 1n
the second dimension at the first sensor position, and

a fourth signal indicating a value of the magnetic field 1n
the second dimension at the second sensor position.

The microprocessor may be programmed to:

calculate the first differential field 1n the first dimension by
calculating a difference between the first signal and the
second signal,

calculate the second differential field in the second dimen-
sion by calculating a difference between the third signal
and the fourth signal, and

calculate the field angle by calculating an arctan of the
first differential field and the second differential field.

Embodiment 6

According to an embodiment of the present technology, a
method for determining a position of a magnet may be
comprised of: providing a sensor system that includes a first
sensor located at a first sensor position and arranged to
measure at least two components of a magnetic field pro-
duced by a magnet, and a second sensor located at a second
sensor position different from the first sensor position and
arranged to measure at least two components of the mag-
netic field produced by the magnet. The method also may be
comprised of using a microprocessor operatively connected
to the first and second sensors to: receive signals derived
from signals outputted by the first and second sensors,
calculate a field angle from a first differential field 1n a first
field dimension and a second diflerential field 1n a second
field dimension orthogonal to the first dimension, the first
and second differential fields being obtained based on the
signals outputted by the first and second sensors, and output
a position of the magnet based on the field angle calculated
from the first and second differential fields.

In an aspect of the embodiment, the received signals may
include: a first signal indicating a value of the magnetic field
in the first dimension at the first sensor position, a second
signal indicating a value of the magnetic field 1n the first
dimension at the second sensor position, a third signal
indicating a value of the magnetic field in the second
dimension at the first sensor position, and a fourth signal
indicating a value of the magnetic field in the second
dimension at the second sensor position. The using of the
microprocessor may include using the microprocessor to:
calculate the first diflerential field in the first dimension by
calculating a difference between the first signal and the
second signal, calculate the second differential field 1n the
second dimension by calculating a difference between the
third signal and the fourth signal, and calculate the field
angle by calculating an arctan of the first differential field
and the second differential field.
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The foregoing features may be used, separately or
together 1n any combination, 1n any of the embodiments
discussed herein.

Turning now to the figures, an example of an object
position detection system according to various aspects of the
present technology 1s shown 1 FIG. 1 As discussed above,
the system 1s configured to determine the position of an
object and may include a magnet and at least two magnetic
field sensors. The magnetic field sensors may be arranged to
measure, at two diflerent locations, a magnetic field pro-
duced by the magnet. The magnetic field may be sensed 1n
two directions at each of the two different locations, which
may enable generation of differential measurements repre-
senting the diflerence 1n the magnetic field sensed at the two
locations 1n a given direction. The magnet or the magnetic
field sensors may be attached to a movable object, and the
relative motion between the magnet and the magnetic field
sensors may produce changes 1n the magnetic field sensed
by the magnetic field sensors, such that position and motion
may be detected.

In FIG. 1, a magnet 10 1s shown relative to a first sensor
1 and a second sensor 2, according to various embodiments
of the present technology. Each of the first sensor 1 and
second sensor 2 may be a magnetic field sensor configured
to sense the magnetic field generated by the magnet 10. For
example, each of the first sensor 1 and the second sensor 2
may be a two-dimensional (“2D”") anisotropic magnetore-
sistive (“AMR”™) sensor, which 1s structured to measure a
magnetic field from the magnet 10, represented schemati-
cally by curved field lines 20 mn FIG. 1, mn two different
dimensions (€.g., X-y or y-Z or x-Z). The first sensor 1 may
be spaced apart from the second sensor 2 by a distance d, so
that the magnetic field at a first position corresponding to the
first sensor 1 may be measured in two dimensions, and the
magnetic field at a second position corresponding to the
second sensor 2 may be measured in two dimensions. The
distance d may have a value between 0.5 cm and 5 cm, or
d may have any value that would be suitable for each of the
first and second sensors 1, 2 to sense the magnetic field
generated by the magnet 10.

Other magnetic sensors known in the art may be used
instead of 2D-AMR sensors, provided that the other mag-
netic sensors are structured to measure a magnetic field 1n at
least two different dimensions. For example, Hall-eflect
sensors, fluxgate sensors, and other magnetoresistive sen-
sors (“MR™), such as giant magnetoresistive (GMR) sensors
and tunnel magnetoresistive (IMR) sensors, may be used
instead of AMR sensors, as long as the sensors are structured
to measure a magnetic field 1n at least two diflerent dimen-
sions. Also, while the non-limiting embodiment shown FIG.
1 illustrates two magnetic field sensors, various alternative
embodiments may include more than two magnetic field
sensors configured to detect magnetic fields along two
different axes at two diflerent locations. For example,
according to an alternative embodiment, four magnetic field
sensors may be implemented, with two positioned at a first
location and two positioned at a second location. Each of the
four magnetic field sensors may be configured to detect the
magnetic field in a single dimension, respectively, such that
the combination of the four magnetic field sensors may
provide magnetic field measurements 1n two dimensions at
the first and second locations.

Although not shown 1n FIG. 1, the first and second sensors
1, 2 may be operatively connected to circuitry configured to
process the output signals of the sensors 1, 2. In some
embodiments, the first and second sensors 1, 2 may be
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operatively connected to a programmed microprocessor, as
discussed 1n more detail below.

In variously embodiments of the present technology, the
first sensor 1 may be structured to include circuitry 12 such
as shown 1n FIG. 2A. The circuitry 12 may include a first
pair comprised of a first sensor element 14 and a second
sensor element 16 attached to a circuit board 18 of a chip
package. Electrical wiring 28 may be used to connect the
first and second sensor elements 14, 16 to contact pads 22
that, 1n turn, may be electrically connected to processing
circuitry (e.g., a microprocessor) (not shown) to provide
signals to the processing circuitry. The second sensor 2 may
be structured to include circuitry similar to the circuitry 12
shown 1n FIG. 2A.

In some embodiments of the present technology, the first
and second sensor elements 14, 16 may have the same
internal structure but may be oriented such that one 1s rotated
by 90° relative to the other, as shown 1n FIG. 2A, to measure
the magnetic field in two different orthogonal dimensions.
For example, one of the first and second sensor elements 14,
16 may measure the x-direction component (“x-component”
herein) of the magnetic field, and the other of the first and
second sensor elements 14, 16 may measure the z-direction
component (“z-component” herein) of the magnetic field.
The first and second sensor elements 14, 16 may be formed
on a single die or on separate dies.

FI1G. 2A shows the first and second sensor elements 14, 16
to be coplanar. That 1s, the first and second sensor elements
14, 16 are shown to be positioned on one planar surface of
the circuit board 18. In some embodiments, the center-to-
center distance of the first and second sensor elements 14, 16
may be 1n a range of approximately 0.9 mm to 1.1 mm, and
the separation distance between nearest edges of the first and
second sensor clements 14, 16 may be mn a range of
approximately 0.05 mm to 0.25 mm. In various embodi-
ments, the first and second sensor elements 14, 16 of the first
and second sensors 1, 2 may be coplanar, 1.e., all four sensor
clements may share a common plane. In various other
embodiments, the first and second sensor elements 14, 16 of
the first sensor 1 may be coplanar on a first plane, and the
first and second sensor elements 14, 16 of the second sensor
2 may be coplanar on a second plane different from the first
plane.

In various alternative embodiments, the first and second
sensor elements 1, 2, may not be coplanar but instead may
have a stacked arrangement, as schematically shown in FIG.
2B. In the stacked arrangement, the first sensor 1 may have
first and second sensor elements 14-1 and 16-1 that may be
stacked or overlaid 1n a first stacking direction perpendicular
to a main surface of the circuit board 18 supporting the first
and second sensor elements 14-1, 16-1. Similarly, the second
sensor 2 may have first and second sensor elements 14-2 and
16-2 that may be stacked or overlaid 1n a second stacking
direction perpendicular to the main surface of the circuit
board 18 supporting the first and second sensor elements
14-2, 16-2. The first and second stacking directions may be
parallel to each other.

The first and second sensor elements 14-1, 16-1 of the first
sensor 1 may be rotated by 90° relative to each other, to
measure the magnetic field in two different orthogonal
directions. Similarly, the first and second sensor elements
14-2, 16-2 of the second sensor 2 may be rotated by 90°
relative to each other, to measure the magnetic field 1n two
different orthogonal directions at a location different from
the first sensor 1, as depicted 1in FIG. 2B.

FI1G. 2B shows the first sensor elements 14-1, 14-2 to be

located on opposite sides of the circuit board 18 relative to
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the second sensor elements 16-1, 16-2, according to some
embodiments of the present technology. That 1s, the first
sensor element 14-1 and the second sensor element 16-1 of
the first sensor 1 may be stacked or overlaid on opposite
sides of the circuit board 18, and, similarly, the first sensor
clement 14-2 and the second sensor element 16-2 of the
second sensor 2 may be stacked or overlaid on opposite sides
of the circuit board 18. In this regard, the circuit board 18 1s
shown to be transparent in FIG. 2B 1n order to 1illustrate the
relative positions of the sensor elements 14-1, 14-2, 16-1,
16-2, according to some embodiments of the present tech-
nology, but need not be transparent. Alternatively, 1n some
other embodiments of the present technology, the first sensor
clement 14-1 and the second sensor element 16-1 may be
stacked or overlaid on one side of the circuit board 18, and,
similarly, the first sensor element 14-2 and the second sensor
clement 16-2 may be stacked or overlaid on one side of the
circuit board 18.

In an embodiment of the present technology, schemati-
cally shown 1n FIG. 3A, the first and second sensors 1, 2,
may be separated by a distance d of 1 cm, and each of the
first and second sensors 1, 2 may be structured to measure
an x-component and a z-component of the magnetic field
produced by the magnet 10, which 1s movable in the
z-direction. The magnet 10 may have a size of 1 mm" in this
non-limiting embodiment, but other sizes are possible.

FIG. 3B shows measurements taken by a pair of sensors
in an arrangement of the type shown in FIG. 3A. The magnet
10 was moved 1n the z-direction over a distance of 3 cm,
from -1 cm to 2 cm, with the “0” position corresponding to
a perpendicular alignment of the magnet 10 with the first
sensor 1. Curves 3a, 3b represent the x-component of the
magnetic field measured by the first sensor 1 and the second
sensor 2, respectively, as a function of distance in the
z-direction. Curves 3¢, 3d represent the z-component of the
magnetic field measured by the first sensor 1 and the second
sensor 2, respectively, as a function of distance in the
z-direction.

FIG. 4A schematically shows the arrangement of FIG. 3A
in the presence of a stray field that 1s a umiform magnetic
field, represented by parallel arrows. FIG. 4B shows the
corresponding measurements taken by the first and second
sensors 1, 2 1n the presence of the stray field, in an
arrangement of the type shown 1n FIG. 4A. Curves 4a, 4b
represent the x-component of the magnetic field measured
by the first sensor 1 and the second sensor 2, respectively, as
a function of distance in the z-direction. Curves 4c, 4d
represent the z-component of the magnetic field measured
by the first sensor 1 and the second sensor 2, respectively, as
a Tunction of distance in the z-direction.

A comparison of FIGS. 3B and 4B reveals that the
presence of the stray field does not alter the shapes of the
x-component curves 3a, 4a measured by the first sensor 1;
does not alter the shapes of the x-component curves 3b, 4c
measured by the second sensor 2; does not alter the shapes
of the z-component curves 3¢, 4c¢ measured by the first
sensor 1; and does not alter the shapes of the z-component
curves 3d, 4d measured by the second sensor 2. Instead, all
of the curves 1n FIG. 4B show a uniform upward shift to
higher magnetic field values, relative to the curves 1n FIG.
3B, with the shiit corresponding to the stray field’s strength.

According to some embodiments of the present technol-
ogy, the eflects of the stray field on the magnetic field
measurements taken by the first and second sensors 1, 2 may
be eliminated by using differential field calculations. More
specifically, a calculation of the difference between the curve
3a and the curve 3b (no stray field present), and the

10

15

20

25

30

35

40

45

50

55

60

65

12

difference between the curve 4q and the curve 45 (stray field
present) results 1n the same or nearly the same values.
Therefore, diflerential field calculations may be used to
extract useful information on the magnetic field produced by
the magnet 10 even when the magnet 10 1s small (e.g., 1
mm") and even when the magnetic field is measured in the
presence of a stray field. That 1s, object position tracking
systems according to some embodiments of the present
technology may be substantially immune to stray magnetic
fields, thus providing robust operation 1n a variety of appli-
cations.

FIG. 5 shows curves representing diflerential field calcu-
lations for the magnetic field measurements shown in FIG.
3B (or FIG. 4B). Curve 5a represents differential values
obtained by determining a difference between the curve 35
and the curve 3a (or between the curve 45 and curve the 4a).
Curve 5b represents differential values obtained by a difler-
ence between the curve 3d and the curve 3¢ (or between the
curve 44 and the curve 4c).

The differential values of the curves 3a, 56 may be
combined to form a single quantity representing the mag-
netic field of the magnetic 10. This quantity varies as a
function of the magnet’s position in the z-direction and
therefore may be used to determine the magnet’s position in
the z-direction. In an embodiment of the present technology,
the quantity representing the magnetic field of the magnet 10
1s a field angle corresponding to an arctan of a differential
x-component value (curve 5a) and a differential z-compo-
nent value (curve 5b).

In FIG. 6, curve 6qa 1s dertved from {field angle or arctan
calculations of the curves 3a, 5b. An example of a beneficial
aspect of the curve 6aq 1s that, 11 1t 1s known that the magnet
10 has moved 1n the z-direction but the position of the
magnet 10 along the z-direction i1s not known because the
magnet 1s not visible, and 11 the first and second sensors 1,
2 measure a magnetic field having a field angle of 130° for
the magnet 10, the curve 6a may be used to determine that
the magnet 10 1s at a position corresponding to +10 mm in
the z-direction.

More specifically, the magnetic field of the magnet 10
changes as the magnet 10 moves 1n the z-direction relative
to the first and second sensors 1, 2. The changes in the
magnetic field are reproducible and therefore can be used to
establish a correlation between a position of the magnet 10
along a known path, and a quantity derived from the
magnetic field of the magnet 10 (e.g., a field angle corre-
sponding to an arctan of a differential value 1 a first
dimension and a differential value 1n a second dimension
orthogonal to the first dimension).

For example, for an installation in which a magnet may be
used repeatedly to move along a known path to perform a
particular function, yet the function cannot easily be
observed, a mapping may be made of field angle as a
function of distance along the path. When a specific field
angle 1s determined for the magnet, based on measurements
by sensors such as the first and second sensors 1, 2 discussed
above, then the magnet’s location along the path may be
determined by determining a position that corresponds or
maps to the specific field angle. The mapping may be via a
look-up table of field angle data and corresponding position
data stored in association with each other. Alternatively, the
mapping may be via a mathematical model correlating the
field angle data and the position data (e.g., a mathematical
model of the curve 6a).

FIG. 7 1s an illustration showing an object position
detection system of the type schematically shown 1n FIG. 4A

(or FIG. 3A 1n the absence of a stray field). A first sensor 100
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and a second sensor 200 are operatively attached to a circuit
board 120 on which other circuitry 1s operatively attached.
The circuit board 120 includes an interface 130 that 1s 1n
communication with a processing circuitry (e.g., a micro-
processor) (not shown). Signals from the first and second
sensors 100, 200 are provided to the processing circuitry
directly or via the other circuitry on the circuit board 120.
The first and second sensors 100, 200 are arranged to sense
or measure a magnetic field produced by a magnet 1000 that
1s slidably movable along a path 140 due to being fixed to
a slidable component. Depending on the application, the
slidable component could be a syringe, a plunger, an auto-
mobile brake component, or another component for which 1t
1s desirable to track position. The path 140 extends along the
y-direction. A scale or ruler 150 used 1n a testing/calibration
procedure 1s arranged near the magnet 1000 and extends
parallel to the path 140.

In some embodiments of the present technology, the

testing/calibration procedure may include:

an act S10 of using the first and second sensors 100, 200
to measure a magnetic field of the magnet 1000 at a first
known position along the path 140, to obtain field
values 1n two dimensions (e.g., X and y) at the location
of the first sensor 100 and at the location of the second
sensor 200;

an act S20 of performing a differential field calculation
and an arctan calculation to obtain a first field angle
from the four field values obtained in the act S10; and

an act S30 of correlating the first field angle with the first
known position.

The first known position may be quantified (1.e., given a
value) according to a position of the magnet 1000 relative to
the ruler 150. The acts S10, S20, S30 may then be repeated
for other known positions along the path 140 to obtain a
suilicient number of field angles to produce a representative
curve showing how field angle varies as a function of
position along the path 140, an example of which 1s the
curve 6a. The field angle data and the corresponding posi-
tion data may be stored in association with each other 1n a
look-up table, as discussed above. Alternatively, the repre-
sentative curve may be modelled mathematically so that a
position can be calculated based on magnetic field data.

If the path 140 1s long, multiple sets of the first and second
sensors 100, 200 may be arranged to detect a position of the
magnet 1000 along diflerent segments of the path 140. For
example, a first set of the first and second sensors 100, 200
may be arranged to measure an 1nitial segment of the path
140, a second set of the first and second sensors 100, 200
may be arranged to measure a second segment of the path
140, a third set of the first and second sensors 100, 200 may
be arranged to measure a third segment of the path 140, and
so on. The sets of the first and second sensors 100, 200 may
be arranged relative to each other such that, for example, as
the magnet 1000 moves along the path 140 from the first
segment to the second segment (1.e., away from the first set),
the differential field obtained from the first set diminishes
and the differential field obtained from the second set
increases, and as the magnet moves from the second seg-
ment to the third segment (1.¢., away from the second set
towards the third set), the differential field obtained from the
second set diminishes and the differential field obtained
from the third set increases. With such an arrangement, end
portions of adjacent segments overlap so that and there 1s no
“dead zone” where the magnet 1000 cannot be reliably
measured by any of the sets of the first and second sensors

100, 200.
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As noted above, signals from the first and second sensors
100, 200 may be provided to the processing circuitry directly
or via the other circuitry on the circuit board 120. The first
sensor 100 may include x and y sensor elements 100x, 100y
for measuring the x-component and the y-component of the
magnetic field at the location of the first sensor 100. Simi-
larly, the second sensor 200 may include x and y sensor
clements 200x, 200y for measuring the x-component and the
y-component of the magnetic field at the location of the
second sensor 200.

Various electrical configurations of the sensor elements
and processing circuitry of an object position determination
system are possible. FIGS. 8A and 8B illustrate two non-
limiting examples of circuitry that may be included on the
circuit board 120. In FIG. 8A, the x and y sensor elements
100x, 100y, 200x, 200y may provide signals to respective
amplifiers 160, 162, 164, 166, which in turn may provide
four amplified signals to a microprocessor 180. The micro-
processor 180 may be programmed to perform differential
field and arctan calculations to determine a field angle. The
microprocessor 180 may include circuitry to perform ana-
log-to-digital conversion of the signals.

In FIG. 8B, the x and vy sensor elements 100x, 100y, 200.,
200y may provide signals to first and second amplifiers 170,
172, such that the first amplifier 170 may receive x-compo-
nent signals from the x sensor elements 100x, 200x, and the
second amplifier 172 may receive y-component signals from
the v sensor elements 100y, 200y. The first amplifier 170
may output to the microprocessor 180 a signal correspond-
ing to a differential field calculation for the x dimension, and
the second amplifier 172 may output to the microprocessor
180 a signal corresponding to a diflerential field calculation
for the y dimension. The microprocessor 180, which may
include circuitry to perform analog-to-digital conversion of
the signals, may be programmed to perform an arctan
calculation to determine a field angle from the two signals
outputted by the first and second amplifiers 170, 172.

In another embodiment, an arrangement of the type
shown 1n FI1G. 4A (or FIG. 3A 1n the absence of a stray field)
was used to measure the magnetic field of the magnet 10
over a wider range of travel 1n the z-direction (5 cm 1nstead
of the 3 cm). The results of differential field calculations are
shown 1n FIG. 9A, with curve 9a corresponding to the x
dimension of the measured magnetic field and curve 95
corresponding to the z dimension of the measured magnetic
field. The differential field values of the curves 9a, 96 were
used 1n arctan calculations to yield the curve 9¢ 1n FIG. 9B.

In an embodiment where the range of travel of the magnet
10 may be large, such that the magnet’s path of movement
1s long, multiple sets of first and second sensors 1, 2, may be
used to track the magnet 10 in different segments of the path.
For example, a first set of sensors may be used to track a
magnet 1 a first segment of a long path, a second set of
sensors may be used to track the magnet 1n a second segment
of the long path, a third set of sensors may be used to track
the magnet 1n a third segment of the long path, etc. In this
example, the first and second segments (and/or the second
and third segments) may be adjacent to each other or they
may have portions that overlap.

In some of the previous embodiments, the magnet 10 had
a size of 1 mm’. FIG. 10A shows results of differential field
calculations performed using an arrangement of the type
shown 1n FIG. 4A (or FIG. 3A 1n the absence of a stray field),
but using a larger magnet having a volume of 8 mm”. Curve
10a corresponds to the x dimension of the measured mag-
netic field and curve 105 corresponds to the z dimension of
the measured magnetic field. As shown i FIG. 10B,
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although the differential field values generally are larger,
owing to the larger size of the magnet 10, the field angles are
similar to those of the curve 6a for the same path of the
magnet 10.

Similarly, FIG. 11A shows results for differential field
calculations performed using an arrangement of the type
shown 1n FIG. 4A (or FIG. 3A 1n the absence of a stray field),
in which an even larger magnet having a volume of 27 mm”
1s used. Curve 1la corresponds to the x dimension of the
measured magnetic field and curve 115 corresponds to the z
dimension of the measured magnetic field. As shown 1n FIG.
11B, although the magnetic field values generally are larger
than that of the a 1 mm” magnet and the 8 mm~ magnet, the
field angles are similar to those of the curve 64 for the same
path of the magnet.

As will be readily appreciated from the discussions above,
aspects of the present technology allow for determination of
how field angles of a magnet vary as a function of distance
along a path, from which a determination of the location of
the magnet along the magnet’s path may be made, even
when the magnet 1s a small—thus producing a correspond-
ingly small magnetic field—and 1s in the presence of a stray
field.

The embodiments discussed herein relate to the measure-
ment of a magnetic field in two dimensions. However, the
present technology 1s not limited to two-dimensional mea-
surements but may be extended to measurements in three
dimensions, such as through use of 3D-AMR sensors (or
other 3D magnetoresistive sensors), so that x, y, and z
components of the magnetic field may be measured. Difler-
ential field calculations may be performed with, for
example, two different pairs of the three dimensions (e.g.,
x-y and x-z, or X-y and y-z, or x-z and y-z) and thus yield
two sets of field angles that can be used to locate a position
of a magnet in two dimensions.

Some aspects of the present technology may be embodied
as one or more methods. The acts performed as part of a
method may be ordered 1n any suitable way. Accordingly,
embodiments may be constructed in which acts are per-
formed 1 an order different than illustrated, which may
include performing some acts simultaneously, even though
shown as sequential acts in illustrative embodiments.

The terms “direction” and “dimension” may be used
interchangeably herein when referencing to characteristics
related to any one or any combination of: the x-axis, the
y-axis, and the z-axis.

The terms “approximately” and “about” i1f used herein
may be construed to mean within £20% of a target value in
some embodiments, within £10% of a target value 1n some
embodiments, within £5% of a target value 1n some embodi-
ments, and within 2% of a target value 1n some embodi-
ments. The terms “approximately” and “about” may equal
the target value.

The term “substantially” 11 used herein may be construed
to mean within 95% of a target value 1n some embodiments,
within 98% of a target value 1n some embodiments, within
99% of a target value 1n some embodiments, and within
99.5% of a target value 1n some embodiments. In some
embodiments, the term “substantially” may equal 100% of
the target value.

What 1s claimed 1s:

1. A magnet location determination system, comprising:

first and second magnetic field sensors co-located at a first
location;

third and fourth magnetic field sensors co-located at a
second location different from the first location; and
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a magnet configured to produce a magnetic field, the
magnet being attachable to an object, wherein:
the first magnetic field sensor 1s configured to detect a
magnitude of the magnetic field in a first direction at
the first location, and the second magnetic field
sensor 1s configured to detect a magnitude of the
magnetic field mm a second direction at the {first
location, the second direction being orthogonal to the
first direction, and
the third magnetic field sensor 1s configured to detect a
magnitude of the magnetic field 1n the first direction
at the second location, and the fourth magnetic field
sensor 1s configured to detect a magnitude of the
magnetic field in the second direction at the second
location; and
a processor configured to recerve signals from each of the
first, second, third, and fourth magnetic field sensors
and to provide an output indicating a location of the
magnet along a travel path based on the received
signals.
2. The system of claim 1, wherein the first, second, third,
and fourth magnetic field sensors are configured to output
signals during movement of the magnet.
3. The system of claim 1, further comprising processing,
circuitry coupled to the first, second, third, and fourth
magnetic field sensors and configured to determine differ-
ential magnetic field values for the first and second direc-
tions based on the signals from the first, second, third, and
fourth magnetic field sensors.
4. The system of claim 1, wherein the first, second, third,
and fourth magnetic field sensors are coplanar.
5. The system of claim 1, wherein:
at the first location, the first magnetic field sensor and the
second magnetic field sensor are stacked along a first
ax1s extending 1n a third direction orthogonal to the first
direction and orthogonal to the second direction, and

at the second location, the third magnetic field sensor and
the fourth magnetic sensor are stacked along a second
ax1s parallel to the first axis.

6. The system of claim 1, wherein each of the first, second,
third, and fourth magnetic field sensors 1s one of:

a magnetoresistive sensor,

a Hall-eflect sensor, or

a fluxgate sensor.

7. A system for determining a location of a magnet, the

system comprising:

a first sensor arranged to measure at least two magnitudes
of a magnetic field produced by a magnet during a
movement of the magnet along a travel path that
extends from a first location to a second location
different from the first location, the first sensor being
located at a first sensor position;

a second sensor arranged to measure at least two magni-
tudes of the magnetic field produced by the magnet
during the movement of the magnet along the travel
path, the second sensor being located at a second sensor
position different from the first sensor position; and

a microprocessor operatively connected to the first and
second sensors to receive signals derived from signals
outputted by the first and second sensors during the
movement of the magnet along the travel path, wherein
the microprocessor 1s programmed to:
calculate a field angle from a first differential field 1n a

first field direction and a second differential field 1n
a second field direction orthogonal to the first direc-
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tion, the first and second differential fields being
obtained based on the signals outputted by the first
and second sensors, and
output a location of the magnet along the travel path
based on the field angle calculated from the first and
second differential fields.
8. The system of claim 7,
wherein each of the first and second sensors 1ncludes:
a {irst sensing element arranged to sense a magnitude of
the magnetic field in the first field direction, and
a second sensing element arranged to sense a magni-
tude of the magnetic field 1n the second field direc-
tion, and
wherein the microprocessor 1s programmed to perform a
differential-field routine to:
receive a first signal dertved from an output of the first
sensing element of the first sensor, the first signal
indicating a value of the magnetic field 1n the first
field direction at the first sensor position,
receive a second signal derived from an output of the
first sensing element of the second sensor, the second
signal indicating a value of the magnetic field 1n the
first field direction at the second sensor position,
receive a third signal dernived from an output of the
second sensing element of the first sensor, the third
signal indicating a value of the magnetic field 1n the
second field direction at the first sensor position, and
receive a fourth signal derived from an output of the
second sensing element of the second sensor, the
fourth signal indicating a value of the magnetic field
in the second field direction at the second sensor
position.
9. The system of claim 8, wherein the microprocessor 1s
programmed to perform the differential-field routine to:
calculate the first differential field 1n the first field direc-
tion by calculating a diflerence between the first signal
and the second signal,

calculate the second differential field in the second field
direction by calculating a difference between the third
signal and the fourth signal, and

calculate the field angle by calculating an arctan of the

first differential field and the second differential field.
10. The system of claim 8, wherein:
the first sensing element of the first sensor and the first
sensing element of the second sensor are coplanar, and

the second sensing element of the first sensor and the
second sensing element of the second sensor are copla-
nar.

11. The system of claim 8, wherein:

at the first sensor position, the first and second sensing

clements of the first sensor are stacked along a first axis
extending 1 a direction orthogonal to the first field
direction and orthogonal to the second field direction,
and

at the second sensor position, the first and second sensing,

clements of the second sensor are stacked along a
second axis parallel to the first axis.

12. The system of claim 8, wherein the first and second
sensing elements of the first sensor are located on a single
first die, and the first and second sensing elements of the
second sensor are located on a single second die.

13. The system of claim 7, wherein each of the first and
second sensors includes one of:

a magnetoresistive sensor,

a Hall-eflect sensor, or

a fluxgate sensor.
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14. The system of claim 7, wherein the travel path of the
magnet 1s a predetermined travel path.

15. The system of claim 7, wherein the first sensor and the
second sensor are coplanar.

16. The system of claim 7, wherein the magnet 1s attached
to a movable structure, and the first and second sensors are
at fixed positions.

17. The system of claim 7, wherein the magnetic field
measured by the first and second sensors 1s 1in a range of —10
A/m to about +10 A/m.

18. The system of claim 7, wherein the magnetic field
measured by the first and second sensors 1s 1n a range of —10
kA/m to about +10 kA/m.

19. A method for determining a location of a magnet, the
method comprising:

providing a sensor system that includes:

a first sensor arranged to measure at least two magni-
tudes of a magnetic field produced by a magnet
during a movement of the magnet along a travel path
that extends from a first location to a second location
different from the first location, the first sensor being
located at a first sensor position, and

a second sensor arranged to measure at least two
magnitudes of the magnetic field produced by the
magnet during the movement of the magnet along
the travel path, the second sensor being located at a
second sensor position different from the first sensor
position; and

using a microprocessor operatively connected to the first

and second sensors to:

receive signals derived from signals outputted by the
first and second sensors during the movement of the
magnet along the travel path,

calculate a field angle from a first differential field 1n a
first field direction and a second diflerential field 1n
a second field direction orthogonal to the first dimen-
sion, the first and second diflerential fields being
obtained based on the signals outputted by the first
and second sensors, and

output a location of the magnet along the travel path
based on the field angle calculated from the first and
second ditferential fields.

20. The method of claim 19,

wherein the received signals include:

a first signal indicating a value of the magnetic field 1n
the first field direction at the first sensor position,

a second signal 1indicating a value of the magnetic field
in the first field direction at the second sensor posi-
t1on,

a third signal indicating a value of the magnetic field 1n
the second field direction at the first sensor position,
and

a fourth signal indicating a value of the magnetic field
in the second field direction at the second sensor
position, and

wherein the using of the microprocessor uses the micro-

processor to:

calculate the first differential field in the first field
direction by calculating a difference between the first
signal and the second signal,

calculate the second differential field 1n the second field
direction by calculating a diflerence between the
third signal and the fourth signal, and

calculate the field angle by calculating an arctan of the
first differential field and the second diflerential field.
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